Background: Genetic susceptibility for cancer can differ substantially among families. We use trait-related covariates to identify a genetically homogeneous subset of families with the best evidence for linkage in the presence of heterogeneity.
Introduction
Lung cancer remains the leading cause of cancerrelated mortality in both men (30%) and women (26%) in the United States (1) . Exposures to environmental factors including tobacco smoke, radon gas, asbestos, arsenic, and some forms of silica and chromium are strongly associated with lung cancer (2, 3) . Although smoking is a contributing cause in 85% to 90% of lung cancer cases, only a small fraction of smokers actually develop lung cancer (4) . This finding indicates variability in individual susceptibility to lung cancer in response to tobacco.
Epidemiologic studies have shown that lung cancer aggregates in families. Relatives of lung cancer patients are 2 to 3 times more likely to develop lung cancer than are relatives of control participants in family-based studies (5, 6) . A large segregation analysis conducted by Ooi et al. (7) suggested that lung cancer inheritance was compatible with Mendelian segregation of a single codominant locus that affects early onset of the disease. Xu et al. (8) conducted segregation analysis and reported that a few loci contribute to lung cancer risk. Bailey-Wilson et al. (9) mapped a lung cancer susceptibility locus to a region of chromosome 6q, but noted heterogeneity in evidence for linkage among families.
Lung cancer is a complex disease caused by complex interactions between multiple genes and environmental factors. Genetic susceptibility to lung cancer can differ substantially across families (9) . In planning any genetic linkage analysis to map genes for lung cancer, researchers must account for this heterogeneity among the families in the model. Bailey-Wilson et al. (9) performed a genomewide linkage study to map disease susceptibility loci and used the admixture approach (10) to compute heterogeneity logarithm of odds (LOD) scores (HLODs) by assuming a single heterogeneity parameter across different families. The researchers detected significant evidence for linkage only on chromosome 6q23-25 in a subset of families with 4 or more cases, but not in the entire collection of families, indicating that of the HLOD approach did not adequately account for genetic heterogeneity in the whole data set, while further stratification of the entire sample into subsets may define genetically more homogeneous subsets of families.
A predivided sample test may be used to assess genetic heterogeneity if families can be stratified by a priori cutoff point using a covariate (11) . However, choosing the best cutoff point in defining a genetically homogeneous subset is often not trivial. Evaluating evidence for linkage according to family-specific traitrelated characteristics can improve the evidence for linkage, as shown in the landmark paper by Hall et al. (12) in which evidence for linkage of breast cancer to BRCA1 was far greater among the families with an early average age of onset. However, post hoc analysis of trait-related characteristics can be criticized as data dredging unless rigorous approaches to control the false positive rate are adopted. Hauser et al. (13) proposed to use ordered subset analysis (OSA) in genetic linkage mapping of complex traits in the presence of genetic heterogeneity. They found that grouping families into subsets determined by ordering levels of family-specific trait-related covariates could identify more homogenous subsets and demonstrated significant increases in LOD scores relative to linkage scores in the entire collection of families. Simulation studies by Hauser et al. (13) showed that OSA provided substantially greater statistical power than did HLODs when the covariates values in OSA were chosen from a mixture of normal distribution with means different in the linked and unlinked subsets. Based on family-specific LOD scores and trait-associated covariates such as age at onset of disease or other variables, OSA detected novel susceptibility loci for several complex diseases or traits such as Alzheimer disease (14) , alcohol dependence (15) , and type 2 diabetes (16) in subsets of more homogeneous families. As a part of the OSA procedure, permutation tests are implemented to assess the type I error rate.
The purpose of our current study was to reanalyze linkage scores in the previously studied families with lung cancer assessed by the National Cancer Institute funded Genetic Epidemiology of Lung Cancer Consortium (GELCC) and to evaluate the linkage evidence in subsets of genetically more homogeneous families by rank-ordering the LOD score for each family based on trait-related covariates. We were also interested in finding out whether any relationship exists between evidence for linkage to lung cancer and the risk of developing other cancers; hence, we performed further analysis ranking families by risk of other cancers.
Methods
Our methods for sample collection were summarized by Bailey-Wilson et al. (9) and Amos et al. (17) . Samples and data were collected by the familial lung cancer recruitment sites of the GELCC, which included the University of Cincinnati, University of Colorado Health Science Center, Karmanos Cancer Center, Louisiana State University, Mayo Foundation and Clinic, Medical University of Ohio, Johns Hopkins University, and Saccomanno Research Institute. Of the 28,085 lung cancer patients screened at the GELCC sites for inclusion in this report, 23.7% had at least 1 first-degree relative with lung cancer (17) . Families were identified from the Mayo Clinic and Karmanos Cancer Center as part of an ongoing case series based in these hospitals. All other sites accrued patients by physician referral; in addition, some patients were self-referred to the Johns Hopkins University, Karmanos Cancer Center, and University of Cincinnati sites. All sites accrued participants into institutional review board (IRB)-approved protocols and obtained informed consent from each participant. The site conducting statistical analyses (The University of Texas, MD Anderson Cancer Center) also had an IRB-approved protocol for data analysis.
The pedigree development process began at all GELCC sites by screening lung cancer patients by family history (focusing on the number of first-degree relatives affected with lung cancer). Supplementary Fig. S1 presented the process for recruitment of lung cancer cases as described by Amos et al. (17) . After the initial screening process, we collected additional data from 3,827 willing probands or their family representatives about additional canceraffected persons in the extended family, vital status of cancer-affected individuals, availability of archival tissue, and willingness of family members to participate in the study. We then initiated full pedigree development and biospecimen collection among 871 families, most of which had 3 or more affected relatives.
The majority of families did not meet our inclusion criteria for further study because they did not contain enough family members with lung cancer from whom blood samples or nontumor tissue samples could be obtained for genotyping or, if the affected family members were deceased, they did not have children willing to participate in the study from whom the genotype of the affected parent could be deduced. To date, 93 families with genetic information for at least 2 lung canceraffected relatives have been genotyped with microsatellite markers, representing 0.3% of the cases we screened and 2.4% of the potential families identified (17) .
The data on cancers in the families were obtained by requesting pathology reports, death certificates, and original tumor blocks and slides, when available. When tumor blocks or slides could be obtained, they were transmitted to the tumor pathology core of the GELCC, which is headed by Adi Gazdar at The University of Texas Southwestern Medical Center. Otherwise, tumor histology was assessed according to the pathology report or death certificate. Cancer diagnoses could not be verified for 72 of 489 subjects who were reported by relatives to have had cancers. Although all lung and throat cancers were verified by medical records or death certificates, few cancers at the other sites were verified.
Blood, buccal cells, and archival biospecimens were used as sources of DNA for genotyping family members of the lung cancer patients. Sample preparation, genotyping, integration of genotype data across platforms and quality control procedures were described by Amos et al. (17) .
Our primary analytic approach to the data from the GELCC assumed a model with 10% penetrance in carriers and 1% penetrance in the noncarriers. This analytic approach weights information primarily from the affected subjects (18) and so provides an essentially model-free analysis. To obtain linkage results, we used SimWalk2 (19) and calculated HLOD scores (10) from the output using Perl scripts we have developed. In this analysis, we estimated the evidence for linkage from each family separately using the Markov chain Monte Carlo (MCMC) method provided by SimWalk2. The MCMC analysis was used to estimate LOD scores because the pedigrees were too large to permit exact multipoint computation of the likelihood of the data. We performed all analyses separately within each genotyping batch and within each racial group to avoid any issues that might arise if marker alleles were not faithfully mapped among studies.
OSA assesses the linkage evidence in subsets of potentially more homogenous families by ordering families according to a trait-related covariate and successively summing LOD scores in each family to find a subset with maximal linkage to a given chromosome (13) . Specifically, families were rank-ordered by their family-specific covariate values and the multiple-point LOD score for each family was added successively at each position on the chromosome. We had to store the maximum LOD score and its map position for each ordered subsets of families. By repeating this procedure and adding the families one at a time in order until all families were included in the final subset, the optimal subset of families with the maximum LOD score was determined for each ranking covariate. The reduced heterogeneity in identified subsets may increase the statistical power of detecting evidence for linkage and may refine gene localization. The identified ordered subset may also be used to examine genetic variants on disease-related traits through high-density sequencing. In this study, age at onset (minimum, maximum, average, and range; early onset of complex disease being more likely due to heritability factors), number of affected individuals (large number indicating familial aggregation of inheritable disease), proportion of smokers and maximum pack-years in the family (lung cancer being smoking-related) were investigated to determine if these covariates significantly influence the evidence for linkage. Cancer risk and personyear incidence rate at other tumor sites in each family were estimated using the CAGE program (20) . We also performed OSA with families ranked by relative risks and incidence rates of diverse other cancers (as an exploratory study, we used available data for all other cancers). We used permutation tests to determine the empirical significance of the increase in linkage achieved with covariate-determined subsets relative to the overall sample. Permutation tests were performed by randomly ordering families and identifying the maximum LOD score for each permutation. We used the Besag-Clifford sequential stopping rule to determine how many permutation tests were needed to compute empirical P-values. The rule stopped permutations after 20 random orderings had subset scores greater than or equal to the maximum ordered subset score obtained when ordering by family covariate values. The P-value was then 20 divided by the number of replicate permutations that were required. OSA was performed by applying the FLOSS software, which was originally developed for analyzing weighted nonparametric multipoint linkage Z-scores in the Merlin (21), but was modified by the author (SF) to input LOD scores without weighting. To assess the significance of the maximum LOD score allowing for the multiple tests that we performed when considering orderings by multiple covariates, we applied the adjustment suggested by Ott (22) in which the critical LOD score was adjusted upward by the log10 of the number of covariates evaluated. Applying this very conservative approach and using an initial critical value of 3.3 for genome-wide significance, we required a maximum LOD score of 4.15 for genome-wide significance after allowing for 7 different covariates.
Results
The 93 families that we studied included 474 persons with lung cancer with an average age of onset of 61.6 AE11.3 years, of whom 35 were unrelated and 439 were related to other affected family members and were informative for linkage analysis. From these families, we collected 1,156 blood samples, 24 buccal cell samples, 58 sputum samples, and 274 archival blocks containing normal tissue. Archival tumor blocks from lung canceraffected subjects were collected from 186 persons, along with 88 blocks from other tissues. Among patients who did not have lung cancer, 54.4% reported smoking, with an average of 34.1AE25.8 pack-years among smokers. Among lung cancer patients, 92% reported smoking, with an average of 51.0AE32.5 pack-years among smokers.
OSA using the lung cancer-related covariates age of onset, smoking, and number of affected individuals per family Several chromosomal regions revealed strong or suggestive evidence for linkage using OSA ( , and 16q24 also showed suggestive evidence for linkage (> 2.0) in trait-determined subsets using OSA. However, a statistically significant increase in LOD scores was only observed for 2 loci-12q24 and 16q24 when a corrected significance of 0.00357 was used, following conservative Bonferronni adjustment for the study of 7 different covariates in both descending and ascending orders (P 0.05/14 ¼ 0.00357). When creating subsets of families according to the number of affected individuals, the 51 families with the greatest number of lung cancer cases (more than 4 per family) had a maximum LOD score of 3.66 (Fig. 1) at 158 cM (1-LOD support interval ¼ [150.5-164.0 cM]) on chromosome 6q(D6S2436). This was a significant increase from the baseline LOD score of 0.96 (P ¼ 0.0476). We found a significant increase (P ¼ 0.0216) in the LOD score to 4.19 at 168.2 cM (D6S1035) among the 53 families with the smallest proportion of smokers (1-LOD-unit support interval ¼ [160.0 -177.2 cM]). The 1-LOD support interval for subsets of families defined by having the most family members with lung cancer and the interval for those identified by having the smallest proportion of smokers overlapped (Fig. 1) . Thirty of the 51 families with the largest number of affected cases were among the 53 families with the smallest proportion of smokers. On chromosome 12q, a subset of families defined by a decreasing maximum age at onset yielded a maximum LOD score of 2.79 at 123.4 cM (D12S2070; P ¼ 0.002, 1-LOD support interval ¼ [110.6-143.5 cM]; Table 1 , Fig. 2 ).
The 6 families identified through OSA as having the largest range of age at onset were observed to have a maximum LOD score of 2.45 at 139 cM [D5S816; 1-LOD support interval ¼ (132.7-153.5 cM)] on chromosome 5q. This was a significant increase from the baseline LOD score of À0.4 (P ¼ 0.004). These results need to be confirmed by testing for linkage in larger datasets because our sample size was small.
Ranking families by decreasing maximum pack-years in a family yielded significant improvements in linkage evidence (P ¼ 0.0358), with LOD scores of 2.26 at 44 cM (D14S306; 1-LOD support interval ¼ [14.8-51.2 cM]) on chromosome 14q. On chromosome 16q, the peak LOD score of 2.33 at 125cM (D16S539; P ¼ 0.0008, 1-LOD interval ¼ [119.4-140.0 cM]) was obtained with families ordered increasingly by the range of age at onset.
Two chromosome regions showed evidence for linkage with nonsignificant increases of LOD scores in a subset of families (Table 1) . Although the 12 families with the youngest minimum age at onset were identified as having a maximum LOD score of 3.35 at 63 cM on chromosome 6p(D6S1017), this LOD score was not significantly different from the baseline LOD score of 0.96 (P ¼ 0.118). The 1-LOD-unit down support interval extended from 52.8 cM to 69.0 cM (Supplementary Fig. S2 ). Similarly, ordering families by descending average age at onset resulted in a maximum LOD score of 2.20 at 34.8 cM on chromosome 20p in the subset of 49 families with the greatest average age at onset; however, this score was not significantly different from the baseline LOD score in all families (P ¼ 0.160).
OSA using other cancer risk in the family
To search for loci or environmental factors that enhance risk for diverse cancers besides lung cancer, we estimated standardized cancer incidence ratio and incidence rate per 100 person-years for the other 14 major cancer sites in our study population (Supplementary Table S1 ). Compared with the baseline populations in cancer registries in the United States, our study population was 1.71 (1.59-1.83) times more likely to develop any type of cancer, but this increased propensity probably reflected selection bias, as our probands had been selected because their families had 2 or more lung cancer cases. There was also a preferential selection of families that had throat cancers, and therefore the inflated frequency of these cancers in our population is understandable. For all malignancies excluding lung and throat cancer, we found that family members showed a standardized incidence ratio (SIR) of 0.86 (95% CI, 0.77-0.96), indicating they had less or similar risk of developing other cancers with respect to the population in the cancer registries. In contrast, significantly decreased risks were observed for non-Hodgkin lymphoma, with a SIR of 0.43 (95% CI, 0.20-0.82), and leukemia, with a SIR of 0.52 (95% CI, 0.24-0.98), and a non-significant decreased risk was observed for Hodgkin lymphoma, with a SIR of 0.47 (95% CI, 0.09-1.37). For cancer incidence rates at 13 other cancer sites, no significant differences were reported between our study and standardized populations in SEER cancer registries.
We also performed OSA with families ranked by relative risks or incidence rates for 14 other types of cancer. Analysis conducted with families ordered by levels of risk of several cancers presented significantly increased LOD scores for lung cancer on chromosomes 1q23, 2p11, 6q23-25, 13p12, and 17p11 (Table 2 ), but none of these increases reached significance if a Bonferronni correction was applied, allowing for the number of cancer sites used for covariate analysis. The above results showed that there exists a weakly positive relationship between risk of developing other cancers and evidence for linkage to lung cancer on several chromosomes; but, there also exists a negative relationship between risk for 1 cancer and that for lung cancer. Families with the smallest digestive cancer incidence rates were observed to have a peak LOD score of 4.06 at 159 cM on chromosome 6q (D6S2436; P ¼ 0.0284). The 1-LOD support interval overlapped with OSA results using the covariates of the number of lung cancer or proportion of smokers in a family at 1 region (160-164 cM; Fig. 1 ).
Discussion
Our study included an additional 41 families since our first report in 2004 (9), and we performed OSA to examine evidence for linkage on each chromosome. Our results further confirm previous evidence for linkage on 6q with genome-wide significance and provide suggestive evidence for linkage on 12q in an identified subset of families with age at onset ! 78. We also observed several other suggestive linkages (LOD > 2.0) on chromosomes 5q, 14q, The unit of incidence rate that is measured in "per 100 person-years." None of increases in LOD score were significant after correction for testing multiple covariates on the same chromosome (P 0.05/54
and 16q in subsets of families who were etiologically more homogeneous as defined by trait-related covariates. There was weak evidence for linkage (LOD > 1.0) on chromosomes 1q, 2p, 6q, 13p, and 17p if we sorted on risks for breast cancer, bladder cancer, digestive cancer, or leukemia, but the exact mechanism of the relationship between diverse cancers and lung cancer remains to be determined in the future study. Of note, the region on chromosome 17p that showed the greatest evidence for linkage in families with the highest incidence of breast cancer includes p53 gene, suggesting that perhaps a subset of the families contains p53 variants. Two families that contain multiple primary cancers (family no. 21 had 6 lung, 5 breast, 2 colon, 1 lymphoma, and 1 brain cancer; family no. 104 had 1 synovial sarcoma, 1 brain, 1 melanoma, 7 lung, 1 tonsil, and 1 uterine cancers) previously underwent sequencing of exons 4-9 of the p53 gene and no variants were identified. A genome-wide linkage study performed by BaileyWilson et al. (9) successfully mapped a major susceptibility locus to chromosome 6q23-25 in families with 4 or more individuals affected with lung cancer. The HLOD score in 38 families that included 4 or more affected cases in 2 or more generations increased from 3.47 to 4.26 in the 23 families with 5 or more affected members. A follow-up study by Amos et al. (17) that included 50 families with 5 or more affected individuals found a HLOD score of 4.69 on chromosome 6q at 158cM. These findings provided further evidence that a region of chromosome 6q was associated with lung cancer risk.
You et al. (24) identified RGS17 as a candidate familial lung cancer susceptibility gene for the locus at 158 cM on chromosome 6q through epidemiologic and biologic studies. RGS17 was found to have opioid receptor function and act as a potential oncoprotein, promoting tumor cell growth. In our study, OSA identified a peak LOD of 3.66 at this region in the 51 families with more than 4 affected lung cancer cases in each family. We also observed a maximum LOD of 4.19 at 168.2cM on 6q in 53 families with lowest proportion of smokers. This finding is consistent with findings from the study of Amos et al. (17) showing high risks for lung cancer in never and light smokers from families that link to chromosome 6q. The 1-LOD down support intervals of the regions for the subsets of families identified by these 2 covariates overlapped, suggesting that those 2 regions might share the same lung cancer susceptibility locus.
Our results on chromosome 12q showed a nearly significant linkage at the genome-wide significance level of linkage score 3.3 (23) in 30 families with the highest maximum age of onset, and the increase of linkage relative to the overall sample was significant after correction for multiple comparisons. This was the largest linkage score of lung cancer on 12q yet reported (9, 17) , and to some degree our OSA suggested linkage between the late onset of lung cancer and chromosome 12q. The support interval under this peak encompasses approximately 33 cM, in which 1 candidate gene--insulin-like growth factor-1 (IGF-1) at 114.24 cM was found to be involved with lung cancer because high plasma levels of IGF-I were associated with an increased risk of lung cancer (OR ¼ 2.06) and a significant lower survival among patients (25, 26) . IGF-1 signaling is important for cancer development and progression because it is involved in cell proliferation, differentiation, migration, and death (27) . IGF-1 helps cells to pass the G1-S checkpoint in the cell cycle, and effects of overexpression of IGF-1 receptors are also important in tumorigenesis (25) . Raised concentrations of IGF-1 were also reported to increase the risk of several other cancers such as prostate cancer, premenopausal breast cancer, and colorectal cancer (28) (29) (30) .
On 3 chromosomes-5q, 14q, and 16q-OSA produced a suggestive linkage score of greater than 2.0 in ordered subsets and the increase of LOD scores was significant compared with the whole sample. Such a suggestive linkage was previously reported only at 14q by Bailey-Wilson et al. (9) in a subset of families with 5 or more affected cases, but no candidate genes have been identified on this chromosome thus far. For the peak linkage region on 16q24.2-q24.3, previous evidence for linkage has not been demonstrated. Our results show an increased LOD score among families with early onset lung cancer. A candidate gene in this region is cadherin13 (CDH13), which encompasses the marker D16S3091 at 111cM. CDH13 was reported to be inactivated in lung cancer by Sato et al. (31) , who found that chromosomal deletion accompanied by hypermethylation inactivated the CDH13 gene in a considerable number of lung cancer specimens. The gene locus was also observed to be hypermethylated or deleted in breast cancer (32) and ovarian cancer (33) . This particular cadherin is a putative regulator of cell-to-cell interaction in the heart and may function as a negative guiding molecule in neural cell growth (34) . The CDH13 gene was mapped to chromosome 16q, in which allelic loss in patients with lung cancer was also reported (35) .
Although the OSA yielded subsets of families with significant evidence for linkage on chromosome 6p (3.35 at 63 cM) and suggestive evidence for linkage on chromosome 20p (2.20 at 34.8 cM), neither of them were significantly increased from the overall baseline (P > 0.05). Evidence suggestive of linkage at these 2 regions has been previously noted by our colleagues (9, 17) , but no candidate genes have been demonstrated to be associated with lung cancer on these chromosomes thus far.
A strong evidence for linkage to lung cancer was observed at 159cM on 6q in 61 families with the lowest digestive cancer incidence rate. Allelic losses were reported on bands 6q16, 6q21-22, and 6q27 in gastric carcinoma (36) and on 6q25 in lung cancer (37) , but this observation cannot explain why the subset of families with low digestive cancer risk had high linkage to lung cancer. The roles of some other genes or environmental factors in the development of both digestive and lung cancers need to be further verified.
The OSA with breast-cancer risk-defined subsets produced a significant increase in LOD scores on chromosomes 1q23 (LOD ¼ 2.24). On chromosome 1q21, the MUC1 gene was more strongly expressed in neoplastic lung tissues than in normal counterparts (38) , and it was highly overexpressed in breast carcinomas (39, 40) .
In summary, our OSA results strongly support the previous evidence for linkage on 6q and provide nearly significant evidence for linkage on 12q in a subset of families defined by trait-related covariates. Several other regions suggestive of linkage with LOD scores greater than 2.0 were detected in the OSA. Genetic variants at 1 region that confer inherited susceptibility to lung cancer could be risk factors for other cancers. But we should also notice that common environmental factors may play in the development of both lung cancer and other cancers, for which an elevated LOD score for lung cancer can also be obtained when using other cancer risk as a covariate in OSA. Although our results provide a clue of utilizing disease-related covariates to identify potential linkage heterogeneity in genomic scans of lung cancer, confirmation of the linkage in another study with a larger sample size may be necessary to further reinforce our findings.
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